formational change through so many domains is unprecedented. Here, we describe the rearrangements in integrin architecture that communicate signals between the extracellular and intracellular environments, and that regulate affinity for biological ligands.
Results

A Global Shape Change upon Integrin Activation
A soluble extracellular fragment of ␣V␤3 was made that contained a releasable, C-terminal clasp. The complete extracellular domains of the ␣V and ␤3 chains were fused at the C terminus to peptides that formed a disulfide-linked ␣-helical coiled-coil to mimic the closely positioned and interacting ␣ and ␤ subunit transmembrane helices on the cell surface ( /1 mM Ca 2ϩ (data not shown) a low affinity conformation might well lead to visualization of a complex in the low affinity state, with the packlooked very similar, with the majority of the particles assuming a compact V-shaped conformation. In the ing in the crystal lattice preventing conformational rearrangement to the high affinity state that would presence of Ca 2ϩ and the C-terminal clasp, the molecules were overwhelmingly ‫)%59ف(‬ compact, and had otherwise occur.
Inside-out signals are thought to activate integrins by the V-shaped appearance distinctive of the bent conformation of ␣V␤3 seen in the crystal structure ( presence of Ca 2ϩ also showed a compact structure (Figure 2B ). However, a lesser fraction of about 55% of be communicated to the extracellular domains is unclear, just as it is unclear how in the reverse direction, the compact molecules adopted the same V-shaped conformation as clasped ␣V␤3 ( Figure 2B , averages 1 ligand binding to the extracellular domain can be communicated to the cytoplasmic domains. The question is and 2), whereas the other molecules were somewhat less compact ( Figure 2B , averages 3 and 4). The reparticularly perplexing, since many domains in the ␣ and ␤ subunit legs intervene between the ligand binding maining ‫%5ف‬ and ‫%41ف‬ of the clasped and unclasped particles, respectively, had an extended conformation headpiece and the membrane, and transmission of con- (not shown). The percentage of compact versus exjections, which were then compared to our projection map by cross-correlation (Frank et al., 1996) . This procetended particles and the percentage of compact particles with the V-shaped conformation suggest that the dure identified a projection of the crystal structure (Figure 3B ) that was in excellent agreement with our EM clasp between the C-terminal tails of the ␣V and ␤3 subunits favors the compact, V-shaped conformation.
projection average ( Figure 3A) . One leg of the V ends in a large globule corresponding to the integrin headpiece, The compact, V-shaped structure of ␣V␤3 particles in Ca 2ϩ is highly similar to the bent conformation seen while the other leg corresponds to the tailpiece. The tip of the V corresponds to the genu. In the headpiece, the in ␣V␤3 crystals (Xiong et al., 2001 ). To verify these similarities, the atomic coordinates from the crystal ␤ propeller domain is oriented in the cross-correlated crystal structure with the pseudosymmetry axis in the structure were used to calculate evenly spaced 2D pro- Figure 2D , averages 1, 3, and 4). We refer to these as and in complex with cyclo-RGDfV ( (Figures 2E-2H) .
The images of the extended conformation were compared to the ␣V␤3 crystal structures. The crystal structure coordinates were truncated at the positions of the bends in ␣V and ␤3 (Figure 1 ) to obtain the fragment corresponding to the headpiece, and cross-correlated to representative EM projection averages in which the ␤ leg was in the acute (closed) or obtuse (open) orientation to the headpiece ( Figures 3C and 3E, respectively) . Cross-correlation confirmed that in the orientation shown ( Figures 3C and 3E) , the ␣ subunit/␤ propeller, and ␤ subunit I-like domains combine to form the globular head, and the ␣ thigh and ␤ hybrid domains project from the bottom of the globule on the left and right, respectively. Therefore, the hybrid domain has two different orientations relative to the I-like domain. The crystal structures ( Figure 3D . Ligand dissociated more slowly from unclasped than clasped ␣V␤3. The initial rate of dissociation from fibrinogen was 9.8 ϫ 10 Ϫ4 and 2.8 ϫ 10 Ϫ3 s Ϫ1 for unclasped and clasped ␣V␤3, respectively. Similarly, the rate of dissociation from vitronectin was 2.1 ϫ 10 Ϫ4 and 9.2 ϫ 10 Ϫ4 s Ϫ1 respectively. Therefore, release of the C-terminal intersubunit constraint, which mimics uncoupling of the transmembrane/cytoplasmic domain interaction between the ␣ and ␤ subunits, results in stronger association with ligand. The combined structural and binding studies show that the bent conformation of ␣V␤3 in the presence of Ca 2ϩ and Mg 2ϩ has little affinity for ligand, whereas the extended conformation in the presence of Mn 2ϩ has high affinity for ligand. We used mutational introduction of disulfide bonds to confirm that cell surface integrins also assume the bent conformation, and that they are inactive in this bent conformation. In the extended conformation of ␣V␤3, Gly-307 in the ␤-propeller domain of ␣V and Arg-563 in I-EGF domain 4 of ␤3 are far apart ( Figure 3I , gold spheres). In the bent conformation of the ␣V␤3 crystal structure, however, the C␣ atoms of these two residues are only 5.2 Å apart ( Figure 3H , gold spheres). Since this distance is compatible with disulfide bond formation between cysteines, Gly-307 of ␣V (or the corresponding residue in ␣IIb, Arg-320) and Arg-563 of ␤3 were mutated to cysteine residues to test inter-subunit disulfide bridge formation. Lysates from on LIBS and activation-dependent epitopes, including the presence of the vast majority of these epitopes on the ␤ subunit. In the bent ␣V␤3 structure, the ␤ subunit The Switchblade Model of Integrin Activation We have shown that activation of ␣V␤3 with Mn 2ϩ or is innermost in the bend ( Figure 3H ) and contributes about 70% of the solvent accessible surface area that cyclo-RGDfV results in a dramatic rearrangement of the quaternary structure to an extended conformation. Preis buried in the headpiece-tailpiece interface (Table 2) Figure 6A ). It is significant that bic core of the domain and pops out nearby residues the hybrid domain has by far the greatest surface area in the turn preceding the C-terminal ␣ helix, pushing it buried in the headpiece-tailpiece interface (Table 2) 
